Carrier transport properties of solution processed ultra thin (4 nm) zin-tin oxide (ZTO) thin film transistor are investigated based on its transfer characteristics measured at the temperature ranging from 310K to 77K. As temperature decreases, the transfer curves show a parellel shift toward more postive voltages. The conduction mechanism of ultra-thin ZTO film and its connection to the density of band tail states indicates that the dominant carrier transport mechanism in ZTO is variable range hopping. The extracted value of density of tail states at the conduction band minimum is 4.75×10 20 cm -3 eV -1 through the energy distribution of trapped carrier density. The high density of localized tail states in the ultra thin ZTO film is the key factor leading to the room-temperature hopping transport of carriers among localized tail states.
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Introduction
Amorphous oxide semiconductor (AOS) thin film transistors (TFTs) has been extensively research due to their advantages such as high optical transparency, relatively high electron mobility and low temperature processing techniques so that AOS could be used as transparent and flexible backplanes 1 . As well-known, the disordered amorphous semiconductors have high density of states (DOS) exist within the energy band gap, which will strongly affect the charge transport properties and mobility 2 . Several groups have studied the carrier transport properties in IGZO at room temperature is dominates by trap-limited conduction 3 as well as percolation 4 , 3 which are both band like transport above the mobility edges. At low temperatures, electrons are constrained to the localized states around the Fermi level (E F ) 5 but cannot be excite electrons to conduction band owing to low thermal energy.
Consequently, electrons must hop among the localized states around E F and the charge transport mechanism is variable range hopping (VRH) 6 . In recent years, advanced AOSTFT devices pursue thinner active layer thickness, which is representative of electron transport in two-dimensional systems and the band tail states in AOS will be more significant. Considering a disordered material with very thin thickness and high density of localized states, carriers may be conducted through the localized states 7 .
Consequently, the carrier transport process in AOS TFTs becomes complex and is worthy of in deep investigation.
In this work, zinc-tin oxide (ZTO) is chosen as the TFT active layer owing to its low-cost competency as compared with IGZO. ZTO is deposited by a solution process to form a uniform and ultra-thin active layer. We have combined two approaches to resolve the conduction mechanism of ultra-thin ZTO film and its connection to the density of band tail states. Firstly, it is demonstrated the hopping conduction mechanism is dominant for carrier transport in ultra-thin ZTO TFT by the linear dependency of log I D vs. T -1/3 over a temperature range (T=310~77K Therefore, the channel resistance shall be dominant in our electrical analysis and the influence of contact resistance may be ignored.
To determine the conduction mechanism of the ZTO active layer, the drain current of ZTO TFT measured at 310 K to 77K is analyzed. In two-dimensional (2D) systems, the temperature dependence of the 2D VRH conduction by Mott is given by
where I D0 is the drain current prefactor and B is a material constant (see discussion later). respectively. All log I D vs. T -1/3 curves exhibit linear dependency, indicating that the variable range hopping should be the dominant electrical transport mechanism in ZTO for both above-threshold and sub-threshold regions 12 .
The transport mechanisms of channel electrons are discussed based on distribution of conducting carriers within the energy band gap of ZTO. From the distribution of conducting carriers, we can further determine the density of tail states.
The carrier concentration in ZTO semiconductor can be calculated by following Lee and Nathan's derivation 13 . As first step, the conduction carrier density (n cond ) in ZTO TFT should be defined. The conduction carrier density as a function of gate voltage
where μ is the mobility of the ZTO layer, ε S the permittivity of semiconductor (the ε S of a-IGZO 15 is put in since ε S of ZTO is not available), k is the Boltzmann constant, T is the absolute temperature, W and L are the channel width the channel length, I D (V G ) is the drain at given V G , and V D is the drain voltage. Next, the V G and E F (the Fermi level of ZTO) can be correlation by a mapping function 13, 14 ,
where E C is the conduction band minimum at ZTO/dielectrics interface, N C is effective density of states for free carriers which is about 5×10 18 cm -3 . 2 Based on these 8 parameters and equation (3), we analytically compute the correspondence of V G with E F -E C of ZTO TFT at off-state, sub-threshold and above-threshold at 310 K, where the lowest E F -E C point represents the TFT in the flat band condition (see section S4 in supplementary material). Since the minimum E F -E C is -0.88 eV, it indicates that the Fermi level lies 0.88 eV below the conduction band minimum.
Next, we should define the density of trapped carriers (n trap ) at localized states.
The n trap and n cond can be related to the electric potential of the semiconductor (i.e., the channel), which can be derived with Poisson's equation 13, 14 ,
where x is the distance from the semiconductor/dielectric interface along the channel depth, and φ the semiconductor potential along x, E is electric field. The carrier densities can be connected to gate voltage using a charge balance equation:
Here, Q ind is the total induced charge density at semiconductor/dielectric interface; C ox is the gate-insulator capacitance, where V TH is a threshold voltage. This yields the following 13, 14 :
Squaring equation (6) and taking its first derivative with respect to the surface 9 potential φ(x = 0) =φ S , and qφ S = E F − E F0 , where E F is the Fermi level position at surface, E F0 is an equilibrium Fermi level. Therefore, n trap can be computed as 13, 14 , (3), we have realized the E C -E F is determined from the magnitude of the gate bias, which indicates the extent of band bending.
According to Fig. 4 , density of the trap carriers is higher than the conduction carrier density, suggesting that huge localized tail states below E C and the only few electrons could be excited by thermal energy to the upper conduction band minimum 13 .
Based on equations (6), and (7), the density of localized tail states (N tail,trap (E))
can be given as equation (8) 13, 14 ,
Fig . 5 shows the distribution of the density of localized tail states vs. E-E C , in which the solid square curve is derived from equation (8) . By fitting N tail,trap (E) to an exponential function of E-E C , the tail state density at conduction band minimum, N tc,trap , is retrieved, which follows
where kT t is the characteristic tail state energy. In this work, the retrieved values of N tc,trap and kT t are 4.75×10 20 cm -3 eV -1 and 78.8 meV, respectively for ZTO TFT. In particular, the extracted kT t is much higher then kT (25.9 mV) at 310K; therefore, the free carrier becomes negligible 14 .
From above analyses, we can find out that at the ZTO/dielectric interface, curves, indicating that the variable range hopping should be the dominant electrical transport mechanism in ZTO.
The slope of log I D vs. T -1/3 curve is related to the constant B in equation (1) and B is given by
where α is the inverse of the Bohr radius ( ), k is Boltzmann's constant, and , where is the Bohr radius of hydrogen atom (0.53Å), ε s is the permittivity of semiconductor, m * is the electron effective mass (m * =0.34 m 0 , which is the value for a-IGZO) 4 , and m 0 is the free electron mass). Fig. 5 Therefore, in our case, VRH mechanism seems to be the predominant mechanism in ZTO. This result is confirmed by the liner dependence of the logarithm of the log I D vs. T -1/3 observed in Fig. 3 . In this work, the ZTO thin film is coated by a solution process and only 4 nm thick, which usually contains a lot of defects. It is therefore conceivable that the VRH governs the conduction in solution processed ZTO ultra-thin film at temperature range from 77K to 310 K. -3 eV -1 at the conduction band minimum) is extracted from the energy distribution of n trap at T=310 K. The hopping conduction in ZTO channel layer can be explained by a considerably large amount of defects in ultra-thin, solution processed ZTO thin film, which is also evidenced by inferior charge-carrier mobility as compared to crystalline semiconductors.
Conclusion

Supplementary material
See supplementary material for discussion of contact resistance, ZTO band gap and additional data analysis. 
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